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A b s t r a c t . -B1 s i n g l e c r y s t a l s of Cu-29.8at%Zn-6.lat%Al a l l o y w i t h d i f f e re n t o r i e n t a t i o n were heated a t temperatures h i g h e r t h a n 4 2 0 O~ under a tens i l e s t r e s s . Two v a r i a n t c r y _ s t~l s of b a i e e having d i f f e r e n t h a b i t p l a n e s , f o r example ( 1 2 1 1 2 ) and (12 2 1 1 
) J o r [ I 0 6 5 1 t e n s i l e d i r e c t i o n , from t h a t of s t r e s s -i n d u c e d m a r t e n s i t e , ( 1 2 2 1 1 ) , were observed a f t e r a c e r t a i n period of i n c u b a t i o n . The v a r i a n t c r y s t a l having a maximum Schmid f a c t o r w i t h r e s p e c t t o t h e s h e a r on t h e h a b i t plane was p r e f e r a b l y formed i n t h e martens i t e c a s e . The close-packed plane of m a r t e n s i t e is t o be transformed from (110) p l a n e of m a t r i x c r y s t a l by t h e s h e a r of ( l i 2 ) [ l i i ] . On t h c z h e r hand, i t i s found t h a t t h e v a r i a n t c r y s t a l o f b a i n i t e having (12-2-11)-habit plane h a s a l a r g e r Schmid f a c t o r w i t h r e s p e c t t o t h e s h e a r o f (112)[111]
, which would a l s o t r a n s f o r m (110) m a t r i x p l a n e t o t h e close-packed plane. The o t h e r v a r i a n t having ( 1 2 1 1 2) h a b i t p l a n e h a s an o r i e n t a t i o n such t h a t t h e f c c s t r u c t u r e can be formed by c r o s s i n g with t h e f i r s t one i n p a i r . The c r o s s e d r e g i o n of t h e s e two b a i n i t e c r y s t a l s was observed a s a pink-colored a r e a . E l e c t r o n d i f f r a c t i o n p a t t e r n s i n d i c a t e t h a t t h e b a i n i t e h a s a d i sordered 9R s t r u c t u r e . I t i s supposed t h a t t h e i n t r i n s i c t r a n s f o r m a t i o n s h e a r producing t h e close-packed s t r u c t u r e o p e r a t e s p r e f e r a b l y i n t h e b a i n i t e c a s e , whereas t h e minimization o f s t r a i n energy i n t h e t r a n s f o r m a t i o n i s dominant i n t h e m a r t e n s i t e c a s e . A mechanism of t h e shape change a s s o c i a t e d w i t h t h e s t r e s s -i n d u c e d b a i n i t i c t r a n s f o r m a t i o n i s a l s o d i s c u s s e d .
I n t r o d u c t i o n . -
The b a i n i t i c t r a n s f o r m a t i o n t a k e s p l a c e a t temperature h i g h e r than 420°K i n t h e shape memory Cu-Zn a l l o y s [ I ] . T h i s t r a n s f o r m a t i o n accompanying t h e d i f f u s i o n of Zn atoms o f t e n produces a macroscopic shape change s o -c a l l e d " r e v e r s e shape memory" [ 2 ] and m o d i f i e s t h e c h a r a c t e r i s t i c s o f t h e u s u a l shape memory e f f e c t . The c r y s t a l l o g r a p h i c n a t u r e of t h e b a i n i t e and m a r t e n s i t e a r e v e r y s i m i l a r and i t i s considered t h a t t h e t r a n s f o r m a t i o n s t r a i n s producing b o t h p r o d u c t s a r e n o t much d i ff e r e n t [3-51.
I n t h i s s t u d y t h e b a i n i t e c r y s t a l s produced under s t r e s s i n s i n g l e c r y s t a l s of a Cu-Zn-A1 a l l o y were c r y s t a l l o g r a p h i c a l l y examined comparing w i t h t h e s t r e s s -i n d u c e d m a r t e n s i t e s and d i s c u s s t h e mechanism o f shape change due t o t h e s t r e s s -i n d u c e d b a i n i t i c t r a n s f o r m a t i o n . Experimental procedure.-S i n g l e c r y s t a l s of Cu-Zn-Al a l l o y s c o n t a i n i n g 29.8at%Zn and 6.lat%Al were grown i n an a r g o n -f i l l e d q u a r t z c a p s u l e by t h e modified Bridgman method. Homogenized B1 s i n g l e c r y s t a l s were c u t by a s p a r k machine t o a form of t e n s i l e specimen. The specimen was p u l l e d a t 423O-523OK under a l o a d of 100-250 MPa, followed by h e a t i n g f o r 10-30 min. on keeping t h e l o a d and temperature unchange d . Then, t h e specimen was unloaded and e t c h e d e l e c t r o l y t i c a l l y t o r e v e a l t h e f o rmation o f b a i n i t e c r y s t a l s .
The specimen with t h e e t c h e d s u r f a c e was a g a i n p u l l e d i n t h e same d i r e c t i o n a t room temperature t o observe t h e r e l i e f of s t r e s s -i n d u c e d m a r t e n s i t e .
A s i m i l a r mnrphological examination on t h e two k i n d s o f t r a n s f o r m a t i o n was made o f p o l y c r y s t a l l i n e specimens by u s i n g o p t i c a l a s w e l l a s e l e c t r o n microscopy. The e l e c t r o n d i f f r a c t i o n p a t t e r n s taken from t h i n b a i n i t e p l a t e s were anal y s e d t o i d e n t i f y t h e c r y s t a l s t r u c t u r e .
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Fig&
-D e c r e a s e i n s t r e s s due t o t h e format i o n o f b a i n i t e i n Cu-29.8at%Zn-6.1 a t % N a l l o y on i s o t h e r m a l h e a t i n g a t 473°K. The a r r o w i n d i c a t e s t h e p o i n t where t h e s t r e s s was a r t i f ic i a l l y r e t u r n e d t o t h e o r i g i n a l v a l u e , 1 0 0 ?Pa. Time ( min 1 E x p e r i m e n t a l r e s u l t s . -F i g . 1 i n d i c a t e s t h e v a r i a t i o n i n t e n s i l e stress d u r i n g t h e i s o t h e r m a l t r e a t m e n t a t 473OK of a s i n g l e c r y s t a l h a v i n g [ l o 7 4 1 s t r e s s a x i s . F o ll o w i n g t o t h e f o r m a t i o n of b a i n i t e i n t h e s p e c i m e n , t h e s t r e s s l e v e l d e c r e a s e d g r a d u a l l y d u r i n g t h e h e a t t r e a t m e n t
t o t h e p o i n t i n d i c a t e d by a r r o w s where t h e stress l e v e l was a d j u s t e d t o k e e p 1 0 0 MPa. The b a i n i t e c r y s t a l s were formed a f t e r a p e r i o d of i n c u b a t i o n of a b o u t 6 min. i n t h i s e x p e r i m e n t . The i n c u b at i o n p e r i o d was found t o be a l m o s t t h e same, i n d e p e n d e n t o f t h e amount o f l o a d , 100-250 NPa, and t h e t e n s i l e d i r e c t i o n s i n t h i s s e r i e s o f e x p e r i m e n t s . The e t c h e d s u rf a c e showed t h a t t h e b a i n i t e c r y s t a l s h a v i n g two v a r i a n t s of t h e h a b i t p l a n e , ( 1 2 T
Ti) and (12 11 2 ) , were formed d u r i n g t h e h e a t t r e a t m e n t [ 3 , 61. I t is t o be ment i o n e d t h a t t h e s t r e s s -i n d u c e d m a r t e n s i t e s produced i n t h e second e l o n g a t i o n a t room t e m p e r a t u r e have d i f f e r e n t h a b i t p l a n e v a r i a n t s from t h e s e .
P h o t o . 1 is a n example c l e a r l y d e m o n s t r a t i n g t h e d i f f e r e n c e i n h a b i t p l a n e s o f b a i n i t e and m a r t e n s i t e .
The p h o t o g r a p h was t a k e n by a m i c r o s c o p e on t h e e t c h e d s u r f a c e a f t e r h e a t i n g t h e s p e c i m e n f o r 15 min. a t 493OK u n d e r a t e n s i l e l o a d o f 1 0 0
MPa i n [ 5 i i ] d i r e c t i o n . One o b s e r v e s t h e s m a l l b l a c k c o n t r a s t s which c o r r e s p o n d t o b a i n i t e v a r i a n t c r y s t a l s w i t h two o r i e n t a t i o n s g i v e n above ( P h o t o . l ( a ) ) . Upon l o a d i n g a t room t e m p e r a t u r e a d a r k c o n t r a s t i n d i c a t i n g t h e r e l i e f of t h e stressi n d u c e d m a r t e n s i t e a p p e a r e d and i t moved from l e f t t o r i g h t i n t h e v i e w o f micro-( a ) (b) P h o t o . 1 O p t i c a l m i c r o g r a p h s t a k e n i n s u c c e s s i o n , ( a ) t o ( b ) , showing t h e f o r m a t i o n o f s t r e s s -i n d u c e d m a r t e n s i t e . The s p e c i m e n was h e a t e d u n d e r s t r e s s a t 473°K t o p r o d u c e b a i n i t e p r e c i p it a t e s as i n ( a ) .
The h a b i t p l a n e o f s t r e s s -i n d u c e d martens i t e is d i f f e r e n t from t h a t o f b a i n i t e . s c o p e . Upon u n l o a d i n g t h e boundary between d a r k and w h i t e r e g i o n moved i n t h e rev e r s e d i r e c t i o n w i t h o u t a n y d i s t u r b a n c e a t t h e b a i n i t e p r e c i p i t a t e s .
The boundary, which i s t h e t r a c e of h a b i t p l a n e of t h e s t r e s s -i n d u c e d m a r t e n s i t e , c a n b e i n d e x e d a s ( 1 2 7 1 1 ) and t h e v a r i a n t c r y s t a l i s t h e most p r o b a b l e one h a v i n g a maximum Schmid f a c t o r w i t h r e s p e c t t o t h e s h e a r on t h i s h a b i t p l a n e .
The above r e s u l t was c o n f i r med f o r v a r i o u s s p e c i m e n s w i t h d i f f e r e n t s t r e s s a x i s . ' 111e s i t u a t i o n h o l d s when t h e t e n s i l e d i r e c t i o n i s i n d e x e d a s [u; w] , where u > v > w > 0.
I n Photo. 1, two b a i n i t e c r y s t a l s w i t h (12 1 n) and (12 11 2) h a b i t p l a n e s were o b s e r v e d s e p a r a t e l y . However, t h e y grew t o form a c r o s s e d s t r u c t u r e w i t h i n c r e a s i n g t h e h e a t -t r e a t m e n t t i m e .
F i g . 2 shows a v a r i a t i o n i n s t r e s s d u r i n g t h e h e a t i n g a t 473°K when a s i n g l e c r y s t a l was p u l l e d i n [ 1 1 1 0 8 ] d i r e c t i o n . The b a i n i t i c t r a n sf o r m a t i o n s t a r t e d a f t e r a n i n c u b a t i o n o f 6 min. and a l P h o t o . 2 i s a n example o f e l e c t r o n m i c r o g r a p h s t a k e n f o r a t h i n n e d p o l y c r y s t a ll i n e specimen which was s u b j e c t e d t o a n enough h e a t -t r e a t m e n t f o r t h e b a i n i t e f o rm a t i o n . Two v a r i a n t b a i n i t e c r y s t a l s a s i n P h o t o . 1 grew t o form a c r o s s e d s t r u ct u r e .
As p r e v i o u s l y r e p o r t e d [&v10], t h e s t r e s s -i n d u c e d B; m a r t e n s i t e v a r i a n t s w i t h m o d i f i e d 9R s t r u c t u r e , which have a p a r t i c u l a r c r y s t a l l o g r a p h i c r e l a t i o n w i t h e a c h o t h e r , c a n o n l y c r o s s t o form f c t a; m a r t e n s i t e o f 3R s t r u c t u r e . The o b s e r v e d p a i r of b a i n i t e v a r i a n t s i n t h i s work was j u s t t h e same a s t h e m a r t e n s i t e p a i r p r e v i o u s l y r e p o r t e d [ 9 ] .
It i s t o b e n o t i c e d t h a t t h e h a b i t p l a n e t r a c e s o f two b a i n i t e v a r ia n t s c l e a r l y bend a t t h e c r o s s e d r e g i o n and t h e c o n t r a s t i n s i d e t h e c r o s s e d r e g i o n i s d i f f e r e n t from t h e f i n e s t r u c t u r e i n t h e b a i n i t e a s s e e n i n a c i r c l e o f P h o t o . 2. P h o t o . 3 A t y p i c a l e l e c t r o n d i f f r a c t i o n p a t t e r n o f b a i n i t e ( a ) w i t h a key d i a g r a m ( b ) .
Th@ a n g l e y i s e x a c t l y 90".
A t y p i c a l d i f f r a c t i o n p a t t e r n o f t h e b a i n i t e c r y s t a l i s r e p r e s e n t e d i n P h o t o . 3 which a s s u r e s t h a t t h e c r y s t a l s t r u c t u r e i s 9R. Comparing w i t h t h e d i f f r a c t i o n p a tt e r n from t h e m o d i f i e d 9R s t r u c t u r e o f 6; m a r t e n s i t e , one c a n n o t i c e t h a t t h e a n g l e y i n d i c a t e d i n P h o t o . 3(b) is n o t 88' b u t e x a c t l y 90'. Moreover, c o n t r a r y t o t h e m a r t e n s i t e c a s e , n e i g h e r s p o t s n o r s t r e a k s d u e t o t h e s u p e r l a t t i c e s t r u c t u r e were o b s e r v e d i n v a r i o u s d i f f r a c t i o n p a t t e r n s w i t h d i f f e r e n t o r i e n t a t i o n s . These r e s u l t s s u p p o r t t h a t t h e b a i n i t e c r y s t a l w i t h 9R s t r u c t u r e i s n o t o r d e r e d and t h e c r o s s e d r e g i o n h a s a l s o a d i s o r d e r e d s t r u c t u r e o f 3R, i . e . , f c c . D i s c u s s i o n . -It m i g h t b e v e r y i m p o r t a n t t o d i s c u s s t h e r e a s o n why one h a s d i f f e r e n t v a r i a n t c r y s t a l s o f b a i n i t e from t h o s e o f m a r t e n s i t e . It would o c c u r i f t h e s h a p e d e f o r m a t i o n s due t o t h e b o t h t r a n s f o r m a t i o n s a r e d i f f e r e n t from e a c h o t h e r . Accordi n g l y , we f i r s t t r y t o c a l c u l a t e t h e s h a p e change due t o t h e b a i n i t i c t r a n s f o r m a t i o n by t h e p h e n o m e n o l o g i c a l t h e o r y t o c h e c k t h i s p o i n t . S i n c e n o d a t a a r e a v a i l a b l e a s s o c i a t e d w i t h t h e c o m p o s i t i o n a
l c h a n g e o r t h e change i n l a t t i c e p a r a m e t e r , d u r i n g t h e b a i n i t i c t r a n s f o r m a t i o n i n Cu-Zn-Kt t e r n a r y a l l o y s , we u t i l i z e t h e e x p e r i m e n t a l r e s u l t s i n Cu-Zn b i n a r y a l l o y s .
The a u t h o r s have measured t h e c h a n g e i n l a t t i c e p a r a m e t e r s by X-ray d i f f r a c t i o n d u r i n g t h e b a i n i t i c t r a n s f o r m a t i o n i n Cu-40.5wtXZn a l l o y s [ 6 ] . The r e s u l t s have b e e n a n a l y s e d by u s i n g t h e e q u i l i b r i u m v a l u e s r e p o r t e d by Beck and Smith [ l l ] and i t h a s b e e n conc l u d e d t h a t t h e c o n c e n t r a t i o n o f Zn atoms i n b a i n i t e c r y s t a l , c b , i s n e a r l y a cons t a n t , i . e . 3 5 a t % , w h e r e a s t h a t i n B 1 m a t r i x c r y s t a l , Co, i s changed from 40 t o 4 8 a t
ZZn [ 6 ] .
I f we u s e t h e s e v a l u e s and set t h e d i l a t a t i o n p a r a m e t e r 6=1, t h e h a b i t p l a n e normal p and s h e a r d i r e c t i o n dl c a n b e o b t a i n e d a s shown i n t h e t o p t h r e e rows i n T a b l e 1, t h e v a l u e s o f p b e i n g d i f f e r e n t from I 1 2 11 2 ) .
I f we u s e 6s3d- [l'ii] [ l i i ] shear and (112) [ l i l ] 15 h a s been r e p o r t e d s o f a r t h a t two v a r i a n t s o f m a r t e n s i t e h a v i n g ( 1 2 1 1 1 ) and
a i n i t e i s also derived t o be almost the same as t h a t f o r the martensite. Therefore, the shear deformation should be almost t h e same i n both transformations. From t h e above calculation, we conclude that t h e variant c r y s t a l s should be t h e same as t h a t o f martensite. Consequently, the present experimental r e s u l t s support t h a t the factor determining the preferred variants o f "stress-induced bainite" i s not the overall macroscopic shear deformation o f b a i n i t e which
planes and shear d i r e c t i o n s o f b a i n i t e and martensite. C and C are the concentration i n matrix and b b a i n i t e , respectively. p, dl and 6 and the habit plane normal, shear d i r e c t i o n , and d i l a t a t i o n parameter, respectively.
We now consider the p o s s i b i l i t y o f having d i f f e r e n t shear systems t o nucleate a small b a i n i t e c r y s t a l . Referring t o the previous study on the pre-martensitic products i n B 1 matrix i n Cu-Zn a l l o y s [ 1 3 ] , we propose a model o f double shears producing the b a i n i t e nucleus as shown i n F i g . 3. This model i s similar t o Burger's model f o r the bcc-hcp transformation [ 1 4 ] but a second shear o f {110}<110> i s added t o get the 9 R stacking sequence. For t h e variant c r y s t a l having ( 1 2 2 1 1 ) habit plane as i n Table 1 , the f i r s t shear i n F i g . 3 ( a ) brings (110) matrix plane t o the close-packed plane b y ( 1 i 2 ) [ 1 x i ] shears and-she 2 R stacking i s attained by the second shear o f (110)[110] i n F i g . 3 ( b ) . I f (112)[111] shear i s operated on (110) plane instead o f ( l i 2 )
shear, the b a i n i t e product has the same l a t t i c e correspondence as the f i r s t one but diff_e_rent habit plane, i . e . , ( 1 2 1 n ) . The Schmid factors f o r (112)
shear with respect t o [ u v w] _tensile--d i r e c t i o n , S(112) and S(112), r e s p e c t i v e l y , have a r e l a t i o n such t h a t S(112)-S(112)= -($w/3)(u+v)<0. Consequently, i f we assume the shear producing t h e close-packed plane predominates i n t h e process forming b a i n i t e nucleus, t h e experimental f a c t that the variant c r y s t a l s having (12?=) appear instead o f those having ( 1 2 1 1 1 ) can be understood without d i f f i c u l t y .
The growth o f b a i n i t e w i l l be controlled by the d i f f u s i o n o f Zn atoms from the product t o the matrix [ 1 4 ] and the experimental r e s u l t s that t h e incubation period appeared t o be independent o f the d i r e c t i o n and amount o f the applied s t r e s s can be interpreted by t h i s mechanism. Moreover, as f a r as the process which produces the "reverse shape memory" i s concerned, one could i n t e r p r e t e t h a t the b a i n i t i c transformation proceeds by t h e d i f f u s i o n controlled growth o f the stress-induced variant c r y s t a l s having ( 1 2 1 n) habit plane with a similar s t r a i n f i e l d as that o f martens i t e .
( 1 2 1 1 2 ) h a b i t p l a n e s a r e s t r e s s -i n d u c e d i n p a i r by p u l l i n g s i n g l e c r y s t a l s p e c i m e n s i n a d i r e c t i o n n e a r [ l o o ] , and a l s o t h a t t h e v a r i a n t s i n p a i r c a n e a s i l y c r o s s t o form an u; m a r t e n s i t e h a v i n g f c t s t r u c t u r e , which p l a y s a v e r y i m p o r t a n t r o l e t o produce t h e r e v e r s i b l e s h a p e memory [7-91. Tn t h e p r e s e n t work, i n a d d i t i o n t o t h e v a r i a n t h a v i n g ( 1 2 2 1 1 ) h a b i t p l a n e , which i s p r e f e r a b l y formed by t h e r e q u i r e m e n t of c l o s e -p a c k e d s t r u c t u r e , t h e o t h e r one h a v i n g ( 1 2 1 1 2 ) h a b i t p l a n e was t r a n s f o r m e d i n p a i r w i t h t h e f i r s t one.
The s e c o n d v a r i a n t c r y s t a l h a s a n o r i e n t a t i o n s u c h t h a t i t c a n e a s i l y c r o s s w i t h t h e f i r s t o n e t o form f c c c r y s t a l .
The 6! m a t r i x c r y s t a l i n t h e p r e s e n t a l l o y is u n s t a b l z a t h i g h e r t e m p e r a t u r e and f i n a l l y t r a n s f o r m t o t h e e q u i l i b r i u m t c c s t r u c t u r e , i . e . , n p h a s e . T h e r e f o r e , i t i s q u i t e r e a s o n a b l e t h a t two b a i n i t e c r y st a l s h a v i n g p a r t i c u l a r o r i e n t a t i o n s which c o u l d e a s i l y p r o d u c e t h e a c r y s t a l by c r o s s i n g a p p e a r e d i n p a i r i n t h e p r e s e n t e x p e r i m e n t . R e f e r e n c e s .- [ I ] F l e w i t t ( P . E . ) and Towner(J.W.), J . T n s t . M e t a l s , 1 9 6 7 , 95, 273.
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